Two experiments are reported that were set up to examine the spatial-temporal boundaries of postural instability in upright stance as a function of age (60-96 years) and postural conditions. Subjects stood on a force platform under different experimental conditions (vision/no vision and arms up/down) so that the effect of age on key dynamic properties of postural stability could be determined. The findings showed that the ratio of the area of the motion of the center of pressure to the area within the stability boundary increased with age. Also, the virtual time-to-contact with the postural stability boundary decreased with age. Collectively, the findings show that the margins to the spatial-temporal boundaries of postural stability decrease with advancing age in the elderly. These reduced margins of dynamic stability may be a factor contributing to the progressive instability of posture with aging in the elderly.
T)OSTURE is a fundamental activity in human action. Even L in actions that are not typically labeled as a postural or a balance task, the role of the posture of the head and torso is central to the production of a given movement sequence, and the realization of an action goal. It is well established that certain features of postural support change during the advancing years of life so that the stability of posture can be a problem with aging in the elderly (1, 2) . The particular aspects of balance that decline with age and make older adults more prone to falling have not been identified specifically (3) . This problem persists because balance is a complex process involving the coordinated activity of many body segments to realize the goals of postural tasks.
To balance with the feet in place, as in quiet upright bipedal stance, requires that the position of the body's center of gravity (COG) must be maintained vertically over the potential region of stability at the base of support (4) . Traditionally, postural stability has been measured by determining the degree of motion of the center of pressure at the surface of support through force platform technology (4) (5) (6) . The exact location of the center of pressure is generally assumed to be an accommodation to the location of the vertical projection of the center of gravity of the body in an upright bipedal stance (5, 7) . It is well established that postural sway increases with age (1, (8) (9) (10) . The dependent measures of the area and length of the center of pressure have been used to infer a correlate of postural sway and the degree of stability for a given stance. Although these measures of the center of pressure are most frequently cited in the postural stability literature (5,7) they are poor operational reflections of stability because they are not direct measures of the relation of the motion of the body to the stability boundary.
Rather than concentrating on indirect measures of postural stability, this study examines the space-time evolutionary properties of the center of pressure trajectory in normal upright bipedal stance. Studying postural stability by way of a dynamic system approach allows the center of pressure trajectory to be considered in relation to the estimated stability boundary rather than as a measure independent of a stability frame of reference. In the experiments reported here we use virtual time-to-contact (VTC), which is a variable that determines the temporal proximity of the potential time to contact the center of pressure trajectory with the two-dimensional stability boundary (11) . VTC is determined from the dynamics of the center of pressure over each point in time of the center of pressure time series and is based on the virtual trajectory of the center of pressure should it continue to move with those same dynamics (the formal method for calculating VTC is provided in Appendix B). VTC is a useful approach to the measurement of postural stability because the center of pressure moves in space-time, and all other approaches to the postural stability region have been based on an estimate of a single spatial dimension. It has been shown with young adults that VTC systematically decreases as the base of support in stance is reduced and as the speed of postural swaying movements is increased (11) .
A central measure for the determination of VTC is the boundary of stability support in posture. It should be noted that it is impossible to maintain the center of gravity motionless, and that a person who is attempting to maintain balance will spontaneously sway back and forth and side to side. There are limits to the spatial-temporal aspects of this sway, and they vary with the information available to the individual and the configuration of the base of support in action. The stability boundary of the base of support can be measured both geometrically and functionally. The geometric base of support is usually determined by the area contained within the spatial boundaries of the position of the feet on the surface of support (12) (13) (14) . In contrast, the functional base of support has been defined previously (3) as the proportion of the anterior-posterior dimension of the base of support utilized during sustained maximal forward and backward leaning. For the purpose of this investigation, diagonal movements as well as anterior, posterior, and lateral movements are included to provide a two-dimensional spatial estimate of the boundaries of the functional base of support. Traditionally, investigations of the postural stability, including those of aging subjects, have been experimentally limited to a single spatial dimension and indirect measures of the postural stability boundary.
In summary, the purpose of this study was to examine the margins of stability for both the geometric and functional B72 SLOBOUNOVETAL bases of support in upright bipedal stance and to examine how these properties change as function of advancing age and postural conditions. The stability margin is defined as the spatialtemporal limits to the pathway of the center of pressure dynamic in rela-tion to the stability boundary that is available to the subject (15) . Experiment 1 examined the change in VTC in relation to the geometric stability boundary of posture in aging subjects. Experiment 2 examined VTC with both geometric and functional postural stability boundaries in a broader range of aging subjects.
EXPERIMENT 1
Method
Subjects. -The subjects were 21 elderly people who ranged in age from 67 to 92 years and were recruited from a residential center in Pennsylvania. The subjects were split into two groups that included the youngest 10 subjects and the oldest 11 subjects. The mean age of these two groups was 71 years and 9 months, and 83 years and 5 months, respectively. There were 12 females and 9 males in the total group of subjects tested. The subjects were screened for problems that would directly reduce balance control. Subjects were excluded who had physical problems such as joint replacements in the legs or hips, stroke, Parkinson's disease, poor vision, and those who were on systematic regimens of neuroleptic or antidepressant medications. All the subjects could walk independently, and nearly all indicated that they walked almost daily as part of a general fitness program.
Apparatus. -The postural dynamics were recorded with an Advanced Mechanical Technology (AMT, Watertown, Massachusetts) force platform. The platform records three force components along with the lateral (Fx) and anteriorposterior (Fy) horizontal axes and the vertical axis (Fz), together with the three respective moment components of Mx, My, and Mz. The force components were measured in newtons. The signals were amplified through a six-channel AMTI model SGA6-4 amplifier. A maximum gain of 4,000 was used with a low-pass filter of 10.5 Hz, and the bridge excitation was set to 10 V. All six channels were factory-calibrated. The data were collected with a sample frequency of 100 Hz for a trial duration of 20 s. The calculation of VTC was based on the center of pressure data being further low-passed filtered at 6 Hz. This filter captures the majority of the power in the frequency spectral analysis of the center of pressure (16) and reduces the contribution of equipment noise to the signal.
Task and Procedures. -Each subject completed 6 trials of quiet upright bipedal stance on the force platform. Subjects stood in bare feet on a single piece of graph paper that covered and was affixed to the surface of the force platform. Subjects were asked to assume a comfortable postural position for the stance task, with arms hanging to the side of the body. The foot position was recorded on the graph paper by drawing around the feet with a marker. The geometric foot stability boundary for each subject was calculated from these foot marks (12) .
The general postural task required the subject to stand as still as possible for the 20-s trial. In the vision condition, subjects were asked to focus their attention on a marker that was directly in front of them on the wall at eye height. There were 3 vision and 3 no-vision (eyes closed) trials. The order of the vision and no-vision conditions was counterbalanced over the subjects in the group. An experimenter stood to the side and back of the subject to provide support in posture should that be necessary during testing. Figure 1 shows a typical center of pressure profile for a single trial. From the center of pressure profiles of each trial, the standard summary statistics that characterize the center of pressure were calculated (5). These measures are typically highly correlated (5, 17) , and we report here only the area of the center of pressure to examine the amount of motion in the center of pressure as a function of age and vision condition.
Results and Discussion

Amount of Center of Pressure
Motion. - Figure 2 shows the mean area of the center of pressure as a function of age group and vision condition. The data were analyzed by a 2 (age group) by 2 (vision/no vision) by 3 (trials) ANOVA. The area of the center of pressure increased as a function of age, F (1,19) = 3.15, p < .05. The effect of vision was significant, F (1,19) = 2. 17, p < .05, with the no-vision condition having a greater area of center of pressure motion than the vision condition. The age by vision interaction was nonsignificant, as were all the factors involving trials (p > .05).
Virtual Time-to-Contact (VTC). -The VTC was determined for each trial according to the procedures developed in (11) and shown formally in Appendix B. Briefly, VTC is determined by calculating at each sample point of the center of pressure time series the would-be time to contact with the two-dimensional stability boundary [in this case the geometric boundary formed around the feet-see (12)], given that the center of pressure was to continue to move with the acceleration and direction of motion at that sample point in the tra- jectory. Thus, a VTC time series can be obtained for each trial from which individual, group, and condition statistics can be calculated. Figure 3 shows the mean VTC as a function of the two age groups and vision conditions. The three-way ANOVA of age (2) X vision (2) X trials (3) confirmed the trend apparent whereby VTC decreased in the older group, F (1,19) = 4.75, p < .05. The main effect of vision and the interaction of age and vision on VTC were not significant (p > .05). There were no significant effects involving trials.
Collectively, these findings show that both spatial and temporal margins of stability in posture are reduced in aging. The geometric estimate of the base of support was, however, determined from feet size and feet positions, and this geometric measure does not directly reflect the functional base of support in posture. The focus of Experiment 2 was an examination of the functional spatial-temporal margins of postural stability over a broader range of ages.
EXPERIMENT 2
Method
Subjects. -Sixty-one adult subjects were recruited from the State College, Pennsylvania, community. The subjects were divided by age into four groups: 60-69 years, 70-79 years, 80-89 years, and 90-99 years old. There were 16 subjects (9 males and 7 females) in the 60-69 group (mean age 64.3 years); 19 subjects (2 males and 17 females) in the 70-79 group (mean age 76.7 years); 21 subjects (6 males and 15 females) in the 80-89 group (mean age 85.5 years); and 5 subjects (2 males and 3 females) in the 90-99 group (mean age 96.4 years). The subject selection criteria were the same as outlined for Experiment 1.
Apparatus. -The apparatus and signal processing procedures were the same as outlined for Experiment 1.
Tasks and Procedures. -Each subject performed 18 postural upright standing trials that were presented in a particular order with a comfortable rest period of 45 s between trials. Initially there were three trials at each of four conditions, which were performed in a blocked fashion with each trial lasting 20 s. In all conditions, subjects were standing in the middle of the force platform with stocking feet. The first 12 trials required the subjects to stand as still as possible under the following conditions: (a) eyes open, arms down at side (EOAD); (b) eyes closed, arms down at at side (ECAD); (c) eyes open, arms raised up in front at shoulder height (EOAU); and (d) eyes closed, arms raised up in front at shoulder height (ECAU). Subjects were encouraged to sit for 5 min before continuing to the next segment of the experiment, which was the trials to determine the functional stability boundary.
The next six trials required each subject to move about his or her functional base of support in a particular fashion as a means to determine the two-dimensional functional stability boundary. Subjects were instructed to move maximally forward, backward, laterally, and diagonally for a total of six spatial points of extreme motion to define the furthest spatial boundary that can be reached without moving feet during the 20-s recording period. Subjects were told to move at a comfortable speed, and to move as far to the limits of their respective stability boundaries as they could. There were three trials at each of the following conditions: (e) eyes open, arms at side with movement in the anterior-posterior, lateral, and di- SLOBOUNOVETAL agonal directions; and (/) eyes closed, arms at side with movement in the anterior-posterior, lateral, and diagonal directions. These six movement trials were used only to determine the functional stability boundary for each subject. The trial with the greatest area within the functional stability boundary for the vision and for the nonvision conditions was used to determine VTC for each posture trial in each respective vision condition.
Results and Discussion
In this experiment, all subjects except three completed all trials without violating the task constraints. Three subjects did not complete the last two trials for the final, eyes closed-sway condition that was used to determine the functional boundary. The following analyses are based on three trials per condition for each subject except for these missing trials in the above condition.
Amount of Center of Pressure
Motion. -The dependent variables of area, length, and velocity of the center of pressure time-series data were examined because they are traditionally viewed as important parameters of the center of pressure and typically show high pairwise correlations (5, 17) . Table 1 presents the correlation matrices for the center of pressure variables and age for each postural condition. In general, the correlations between the center of pressure variables in all conditions were high (r > .05). Age correlated significantly but modestly with the amount of motion of the center of pressure, particularly length and velocity. Figure 4 presents the mean length of the center of pressure as a function of age group and task condition. A four-way ANOVA of age (4) X vision (2) X arms condition (2) X trial (3) revealed a significant main effect for age, F(3,57) = 4.59, p < .05, with length increasing as age increased. The ANOVA also revealed the vision factor to be significant, F(l,57) = 12.30, p < .01, with the no-vision condition having a greater The between-subject variance tends to increase in the older age groups. There are a few trials in each condition that are outliers from an otherwise essentially normal distribution that seems to be driving this effect. It is also the case that the small subject size in the 90-year-old group probably also contributes to enhanced between-subject variability.
The effect of withdrawing vision seems to become more important for stability as age increases, although effect was not present for the oldest, 90-99 year group. Post-hoc analyses revealed significant differences between the 60-and 70-year-old groups for the eyes open, arms down condition, between the 60-and 90-year-old groups for the eyes closed, arms down condition, and between the 60-and 80-and 60-and 90-year-old groups for the eyes closed, arms up condition (p<.05).
The velocity of the center of pressure as a function of age group and task condition showed similar trends to those reported for the area of the center of pressure. A four-way ANOVA revealed a significant main effect for age on the velocity of the center of pressure, F(3,57) = 6.21, p < .01, with velocity of the motion of the center of pressure increasing as age increased. The vision condition was also significant, F(l,57) = 61.32, p < .01 showing that the velocity of the motion of the center of pressure increased when the eyes were closed. Arm condition was also significant, F(l,57) = 6.58, p < .05, and again, the velocity of the center of pressure increased with the more difficult arm position (arms raised up to shoulder height). A two-way interaction of arm by trial was significant, F(2,56) = 11.62, p < .01, as was the three-way interaction of vision, arm, and trial, F(2,56) = 5.93, p < .01. Post-hoc analyses revealed that significant differences existed Geometric Stability Boundary. -The geometric stability boundary was estimated using procedures as outlined for Experiment 1 by determining the spatial boundary around the position of the feet on the force platform [(12)-a sample is shown in Figure 7 ]. The ratio of the area of the center of pressure for quiet stance over the area within the geometric stability boundary is presented in Figure 5 as a function of age and vision condition. This ratio of the area of the center of pressure to the area within the geometric stability boundary generally increases with age and the absence of vision, although the variability of this measure is relatively high. To accommodate the few outliers that create this enhanced variability, we ran an ANOVA on the log transform of all the data rather than take out the outliers. Increasing age significantly increased the ratio measure, F(3,57) = 3.46, p < .05, as did the absence of vision, F(l,57) = 23.67, p < .05. The withdrawal of vision increases the difference and the between-subject variability in this ratio in the older two age groups. For the eyes open condition, the correlation of age and the ratio of the stability region was highly significant, and the correlation was the same for the eyes closed condition, r = .97, p < .01. The absolute size of this geometric ratio is very small and variable, which is consistent with the expectation that this geometric approach to determining the spatial boundaries to the region of postural stability considerably overestimates the functional stability area available in postural stance.
Virtual Time to Contact (VTC) and the Geometric Stability
Boundary. -VTC was calculated against the stability bound- 
90-96
ary of the geometric base of support for every trial in every age group for each vision condition. The mean VTC and the between-subject standard deviation are shown in Figure 6 as a function of age group and vision condition. The ANOVA showed that the main effect of age on VTC was significant, F(3,50) = 3.29, p < .05. There was a general trend for VTC to decline with advancing age, although post-hoc analyses showed that only the 60-year-old group was significantly different from the other age groups.
Functional Stability Boundary. -The functional stability boundary was determined by calculating the boundary to the motion of the center of pressure when subjects were asked to make a hexagon motion that provided the maximum excursion of the body in the six axes of the hexagon or spiderlike motion. A best-fitting ellipse was fitted to the farthest points of the arms of the hexagon to form a two-dimensional estimate of the functional stability boundary. The region of stability contained within this boundary is much smaller than produced from the geometric base of support (see Figure 7) . Figure 8 presents the area of the functional stability region for quiet stance as a function of age group and vision condition. The functional area of stability decreases with increments of age and also tends to be smaller in the no-vision condition. Thus, the center of pressure area for quiet stance increases with age, while the area within the functional stability boundary decreases with age. Consequently, there is a systematic increase in the ratio of the area of the center of pressure to the area within the functional stability boundary that occurs for both the eyes open and eyes closed conditions as a function of age. For the eyes open condition, the correlation of age and stability region ratio was highly significant, r = .91, p < .01. For the eyes closed condition, the correlation of age and the stability region ratio was also significant, r = .68, p < .05. These correlations of age and stability region ratios are much higher than the correlation between age and the dependent variables of area, length, and velocity of the center of pressure. These relations provide evidence of the sensitivity of the spatial margins of postural stability to the aging process and also reveal a stronger relationship between these variables over the traditional ones analyzed for postural stability.
Virtual Time-to-Contact ( VTC) and Functional Stability
Boundary. -VTC was also calculated against the functional stability boundary for each individual trial in each age group Figure 7 . A schematic representation of how the functional stability region was determined for a single trial and the outer boundary is the geometand vision condition. The mean VTC and associated betweensubject standard deviation as a function of condition are shown in Figure 9 . As expected, the mean levels of VTC are lower when determined against the functional stability boundary than they were for the estimates against the geometric stability boundary (see contrast of boundaries in Figure 7) . The ANOVA showed that VTC significantly decreased as age increased, F(3,54) = 12.19, p < .01. The effect of vision was not significant, F(l,14) < 1, as was the interaction of age and vision, F(3,l 14) < 1.
GENERAL DISCUSSION
This study examined the postural stability of elderly age groups as a function of visual and arm-holding task constraints. The particular focus was the examination of how aging changes the spatial and temporal margins of postural stability in normal quiet bipedal stance. We anticipated that advancing age reduces the postural stability margins and that this could be a factor associated with the progressive instability of posture with aging in the elderly. The results from both experiments clearly show that both the spatial (ratio of the area of center of pressure to the area of the region of stability) and temporal (VTC) margins of postural stability are reduced with advancing age in the elderly.
The center of pressure data were consistent with previous work that has revealed that there is an increase in the motion of the center of pressure with age in the elderly population (3, 18, 19) . The amount of motion of the center of pressure was generally shown to be a function of the interaction of the variables of age, vision condition, and arm condition. As the experimental conditions progressed in difficulty from eyes open to eyes closed and arms down to arms up, the area, length, and velocity of the center of pressure increased with age, although in the most difficult condition with eyes closed and nc estimate. arms up in Experiment 2 the group that was over 90 years of age failed to increase the mean motion of the center of pressure over that of the 80-to 90-year-old group. It is possible that there is a ceiling effect to the increase in mean motion of the center of pressure, although the between-subject variability continued to increase with advancing age. There were a few extreme outlier trials in each condition that also contributed to the relatively large variance. Overall, these findings are consistent with the proposition that it is the confluence of organismic, environmental, and task constraints that specify the stable coordination modes for action (20) .
The main finding of this experiment was the demonstration of a clear relationship between aging and postural stability when both the geometric and functional stability regions are examined. The functional stability area in this experiment includes not only the range of motion in the anterior-posterior direction (3), but also the lateral and diagonal directions to form a two-dimensional functional stability boundary. During normal upright stance, the ratios of the area of the center of pressure over the geometric and functional stability regions increased with age. These stability margin ratios proved to have relatively high between-subject variance, particularly in the older age groups, but the mean trends appear robust nevertheless. Overall, these findings suggest that the spatial stability margins are reduced with advancing age. Experiment 2 was also clear in showing that the functional stability region is considerably smaller than the geometric stability region. This finding was anticipated, and it suggests that the geometric region defined by the position of the feet may not be as useful a predictor of the stability boundaries as has been previously postulated (12) . The greater the value of the ratio of the area of the center of pressure to the stability region, the smaller are the stability margins. In this situation the person's adaptive movement ability to meet changing task demands is restricted.
It is also important to note that the correlations obtained between age and the postural stability region ratios were much higher than the correlations between age and the traditional center of pressure variables, such as area, length, and velocity. This pattern of correlations shows the importance of considering the motion of the subject in relation to the stability boundary. Furthermore, it suggests that the spatialtemporal measures of the stability margins are much more sensitive to the aging process than the traditional summary measures of the center of pressure. This particular finding holds relevance for future endeavors examining the sensitivity and reliability of the center of pressure trajectory as an index of postural stability.
Our approach to determining the stability margins in quiet upright stance as a function of aging was also based on a spatial-temporal measure (11) . VTC showed that the potential time to contact with the stability boundary decreases with advancing age, a finding that is consistent with the reduced spatial layout of the stability region and the enhanced velocity of the motion of the center of pressure shown in the older subjects. It is also of interest to note that the estimates of VTC for the young elderly group used here were influenced by vision and are less than those obtained with young college-age students (about 20 years of age) engaged in the same task (11) .
The reduced potential time to contact with the stability boundary with aging coincides with a reduced capacity to process rapidly information that relates to the initiation and control of movement (21, 22) .
There are many central and peripheral factors that could contribute to the reduced time-to-contact with the stability boundary that accompanies advancing age in the elderly. The finding that vision influences the stability margins in the elderly suggests that physical factors such as strength and flexibility are not the sole determiners of the dynamic stability boundary. The availability of information about the dynamics of posture interacts with age in determining the stability margins for posture. Riccio (15) has recently outlined an informational approach to considering the stability of posture. It appears that the availability of vision increases the region of stability in the control of quiet upright bipedal stance.
In summary, the findings from these experiments have shown that the potential time-to-contact with the two-dimensional postural stability boundary is less in the elderly, a feature that may hold significant limitations for postural control, particularly in actions requiring rapid adaptation to task constraints. The reduction of the spatial-temporal stability margins could be a significant factor in determining the balance stability of the elderly and even the incidence of falls that occur in this population group. There are many factors that could reduce and enhance the stability margins in postural stance, and these are the focus of our future work.
APPENDIX A: DEFINITIONS OF SOME KEY TERMS
Balance -a stable state of body equilibrium in which there is a cancellation of all forces by opposing forces.
Base of support -the area defined by the outer boudaries of the feet at the surface of contact.
Body's center of gravity -the center of gravity represents the location of the balance point.
Center of pressure -the location on the two-dimensional surface of support of the global ground reaction force.
Postural stability -the maintenance of body equilibrium that is resistant to sudden perturbation.
Postural sway -the motion of the center of gravity. Posture -the maintenance of a configuration of body parts in the pursuit of particular action goal.
Stability boundary -the boundary that defines the limits of postural equilibrium (usually defined in spatial coordinates).
Stability margin -the spatial-temporal limits to the pathway of the center of pressure dynamic in relation to the stability boundary.
Virtual time-to-contact -the temporal proximity of the potential time to collision of the center of pressure trajectory with the two-dimensional stability boundary (can be extended to the center of gravity).
APPENDIX B
Calculation of VTC. -VTC was defined as the time it would take for the object to reach the stability boundary if the object were to move from the current postition on its real trajectory with instantaneous initial conditions and constant acceleration along the virtual trajectory. For each instantaneous B78 SLOBOUNOVETAL measured position of the center of pressure the real time was stopped at a current moment (t), and the virtual motion of the object with constant acceleration was simulated. The resultant force as well as acceleration a(r) were considered to be constant while the object was moving along its virtual trajectory from the current initial position r(t) with instantaneous initial velocity v(/.) until it would collide with the stability boundary (calculated earlier on a geometric or functional basis).
The position vector of the center of pressure on the virtual trajectory JJ.(T) started at the moment t t as a function of time was obtained by double integration of constant acceleration a(i-) = a(t) with respect to time parameter T:
T^ CD
The same equation is written in terms of x and y components of the center of pressure with respect to the reference frame attached to the force platform as
where r v (f.) and r y (t) are components of the instantaneous initial position vector v x (t) and v y (t) are components of the instantaneous initial velocity vector aft) and a y (t) are components of the instantaneous initial acceleration vector
The virtual trajectory has a parabolic shape if the direction of the initial velocity and acceleration vectors are not collinear. However, the virtual trajectory is linear if the initial velocity and initial acceleration vectors have the same direction or if either of them is equal to zero. If both velocity and initial acceleration vectors are equal to zero, the virtual trajectory is a point because the object does not move at all.
Each boundary segment must be checked for crossing with the current virtual trajectory. The components of the position vector for crossing point (x c , y c ) were determined by ) '^
;)'T
For the case when the boundary segment has a vertical orientation, the value x c = x h is substituted into Eq. (4) to obtain the value of the time parameter for the crossing point. For the case when the boundary segment had a horizontal orientation, the value y c = y h was substituted into Eq. 
A = [a y (t)-s*a x (t)]/2
All crossing points that were out of the segment range or had negative value of the time parameter were eliminated. The value of the time parameter at the first crossing point of the virtual trajectory with the boundary, and which had the minimum positive time parameter T, was assigned to VTC. 
